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Josephson junctions hosting Majorana fermions have been predicted to exhibit a 4pi periodic
current phase relation. The experimental consequence of this periodicity is the disappearance of odd
steps in Shapiro steps experiments. Experimentally, missing odd Shapiro steps have been observed
in a number of materials systems with strong spin-orbit coupling and have been interpreted in the
context of topological superconductivity. Here, we report on missing odd steps in topologically
trivial Josephson junctions fabricated on InAs quantum wells. We ascribe our observations to
the high transparency of our junctions allowing Landau-Zener transitions. The probability of these
processes is found to be independent of the drive frequency. We analyze our results using a bi-modal
transparency distribution which demonstrates that only few modes carrying 4pi periodic current
are sufficient to describe the disappearance of odd steps. Our findings highlight the elaborate
circumstances that have to be considered in the investigation of the 4pi Josephson junctions in
relationship to topological superconductivity.
Recently the drive to understand and control the order
parameter characterizing the collective state of electrons
in quantum heterostructures has intensified. New physi-
cal behavior can emerge that is absent in the isolated con-
stituent materials [1]. With regards to superconductivity
this has opened a whole new area of investigation in the
form of topological superconductivity [2–4]. Topological
superconductors are expected to host Majorana fermions,
electronic states with non-abelian statistics that can be
used to realize topologically protected quantum informa-
tion processing [5, 6]. However, topological superconduc-
tivity remains elusive in bulk materials and majority of
the research is focused on heterostructures coupling con-
ventional superconductors to topological insulators (TIs)
[7–9] or semiconducting structures with strong spin-orbit
coupling in the presence of an external magnetic field
[10, 11].
One of the first and most important challenges to re-
alize a topologically protected qubit, is the unambiguous
detection of Majorana modes. Recent experimental and
theoretical works [12, 13] have shown that in general it
is very challenging to unambiguously attribute features
in d.c. transport measurements to the presence of Ma-
jorana modes. These developments show the pressing
need to use alternative ways to confidently identify the
presence of Majorana states and therefore of topological
superconductivity.
Josephson junctions (JJs) have been proposed as a
suitable platform to observe localized Majorana modes
first in the context of JJs fabricated on 3D TIs [2], 2D
TIs [14] and more recently on more conventional III-V
heterostructures [15, 16]. JJs are attractive since the
phase across the junction provides an additional knob to
control the topological phase [14–16]. Among the pre-
dicted properties of JJs realized on such materials, the
expected 4pi periodicity of the current phase relationship
(CPR) has received considerable experimental attention.
The 4pi periodicity of such JJs emerges from the time re-
versal protected crossing of Andreev bound states (ABS)
at a phase of pi [14], as a consequence it cannot be de-
tected through d.c. measurement since the lower energy
state (at zero phase) is not the ground state at 2pi and the
system can thermalize through multiple channels [17–19].
To circumvent this issue, a.c. driven JJs should provide
several features that can be associated to topological su-
perconductivity [7–9, 20, 21]. The preeminent feature
is the absence of odd Shapiro steps. However, it was
pointed out earlier that Landau-Zener transitions (LZT)
between Andreev bound states would lead to the same
feature. So far, no experiments have shown that in realis-
tic setups this is the case and all the experiments in which
missing Shapiro steps have been observed are consistent
with the presence of a topological superconducting state.
A microwave drive, biasing the junction, imposes a pe-
riodic modulation of the bias current across the junction
which leads to a phase advance of an integer multiple of
current phase relationship (CPR) period per cycle. Since
the time derivative of the phase is directly proportional
to the voltage this leads to constant voltage steps, known
as Shapiro steps, in the voltage-current (VI) characteris-
tic of the junction [22]. In conventional JJs, the CPR is
2pi periodic [23, 24] however there has been recent reports
of 4pi periodic CPR which is accompanied by observing
missing odd steps in V-I curves. Interestingly, this sig-
nature can persist at low frequency even if the CPR has
both a 4pi and a 2pi periodic component [25, 26].
Missing Shapiro steps have been observed in a number
of materials systems such as 2D TI HgTe quantum wells
(QW) [8], 3D TI HgTe QW [7] , Dirac semimetals [27] and
semiconductor nanowires [20]. In all these studies, the
ar
X
iv
:2
00
5.
00
07
7v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
30
 A
pr
 20
20
2missing Shapiro steps have been ascribed to the existence
of Majorana modes rather than to LZTs between the low
energy and the high energy state of an ABS doublet.
This has been justified by examining the energy splitting
∆E between the ABS states which are directly related
to the transparency (τ) of the JJ ∆E = 2|∆|√1− τ [28].
A fast drive can induce transitions from the low energy
to the high energy branch and mimic a 4pi periodic sys-
tem. However in order to observe well quantized steps,
the probability for occurrence of a LZT needs to be near
unity as shown in [7] and Supplementary Information
(SI), which requires quite stringent high transparency of
the JJ as we will discuss.
In this work, we present results obtained on InAs sur-
face QWs coupled to epitaxial Al contacts. In absence of
magnetic field, the system is topologically trivial. Still,
we observe a missing first Shapiro step and a well quan-
tized second step similar to what has been observed in
previous studies on topological insulators and InSb in
presence of magnetic field [7, 8, 20]. Furthermore, at
higher frequency, we observe small half-integer steps con-
sistent with the existence of higher frequency components
in the CPR as expected in high transparency JJ. Our re-
sults are validated by simulations including LZTs.
This study focuses on two JJs (A and B) fabricated on
two slightly different InAs surface QWs with epitaxial
Al contacts. The samples are grown on semi-insulating
InP (100) substrates [29–31]. The QW consists of a 4
nm layer of InAs grown on a layer of In0.81Ga0.19 as de-
picted in Fig.1a. For sample A, the capping layer is 2
nm of In0.81Al0.19As , while for sample B, the capping
layer is 10 nm of In0.81Ga0.19As. Fig.1b is a transmission
electron microscope image of the interface between the
semiconductor and the Al layer which shows an impurity
free interface. These epitaxial interfaces are now widely
used in quantum devices to study mesoscopic supercon-
ductivity [32, 33], topological superconductivity [31, 34]
and to develop tunable qubits for quantum information
technology [35]. The gap L between the superconducting
contact is 80 nm for device A and 120 nm for device B
as illustrated Fig1c. Details of fabrication and measure-
ments are described in SI.
Figure 1d presents the VI characteristic of sample A
in the absence of microwave excitation. The junction is
markedly hysteretic but as shown in a previous study
[31] this hysteresis can be ascribed to thermal effects
[36] rather than capacitive effects. By fitting the linear
high current part of the characteristic, we can extract
the JJs normal resistance (Rn) and the excess current
(Iex) defined by the intersection of the fit with the x-axis.
We report in table I the critical current (Ic), along with
Iex, Rn, and the estimated capacitance C from a sim-
ple coplanar model [37]. From the excess current we can
estimate the average semiconductor-superconductor in-
terface transparency of the junction estimated using the
OctavioTinkhamBlonderKlapwijk theory [38]. We obtain
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FIG. 1: a Sample stack structure. The quantum well consists
in a 4nm layer of InAs grown on top of an In0.81Ga0.19As
layer and capped with 2 nm of In0.81Al0.19As for sample A
and 10 nm of In0.81Ga0.19As for sample B. b TEM picture
illustrating the expitaxial nature of the Al-InAs interface. c
False-Color SEM image of the Josephson junction.d Voltage-
current characteristic of sample A in the absence of microwave
irradiation. The dashed line corresponds to linear fit at high
bias used to extract the normal resistance and the excess cur-
rent. e Differential resistance of device A as a function of the
bias current and an out-of-plane magnetic field. The over-
layed orange curve is the theoretical dependence of Ic for a
uniform current distribution.
0.86 for Sample A and 0.78 for sample B. The induced
superconducting gap is taken to be the one of the Al
layer, which we estimate to be 220 µeV for both samples
based on the critical temperature of the film. We report
the values of the critical current for both the cold and
hot electrons branches where the cold branch goes from 0
bias to high bias and corresponds to a lower effective elec-
tronic temperature before the transition out of the super-
conducting state. The mean free path le and the density
have been measured on different pieces in a Van der Pauw
geometry for both samples. The density is in the range
of 1× 1012 cm−2 and le is about 200 nm, meaning both
3junctions are nearly ballistic, L < le, and in the short-
junction regime L √le ξ, with ξ = ~vF /pi∆ ∼ 500 nm
the superconducting coherence length estimated using
the lowest density and an effective mass of 0.04 [39].
Icoldc (µA) I
hot
c (µA) Iex (µA) Rn (Ω) C (fF)
JJ A 1.8 1.1 1.1 310 ∼ 1
JJ B 5.0 4.1 3.5 97 ∼ 1
TABLE I: Parameters of Sample A and Sample B
Figure 1e is a map of the differential resistance of sam-
ple A as a function of the bias current and an out of plane
magnetic field. The observed Fraunhofer pattern has the
expected ratio between the central lobe and the first lobe
suggesting a uniform current distribution. The period
corresponds to a flux focusing yielding an enhancement
of the field by about 3, similar to values reported in [40].
Figure 2 presents results obtained on both sample A
and B at two different frequencies of microwave excita-
tion. At high frequency (namely 11 GHz for sample A
and 12 GHz for sample B), all the expected steps are
visible as can be seen from the VI characteristics pre-
sented in Fig. 2 b and d. However at lower frequency
(7 GHz for sample A and 6 GHz for sample B), the first
Shapiro step is missing in both samples at low power.
This fact is particularly clear in the VI characteristics
with a microwave power of -5.7 dB (Fig. 2a) and -4 dB
(Fig. 2c) respectively. On the cold electron branch, the
hysteretic behavior of our junctions could lead to miss-
ing Shapiro steps since the critical current governing the
switching out of the superconducting state is associated
with cold electrons and the one governing the dynamics
of the steps is associated with hot electrons. However, in
the data presented, the first step is missing on both the
cold and the hot electron branch and cannot be simply
explained by the hysteretic behavior of the junction. In
the following we focus our discussion on the hot electron
branch of the data.
In order to present the power dependence of the
Shapiro steps, we have plotted, for each sample and fre-
quency, the histogram of the voltage distribution as a
function of the microwave power in Fig.2 e-h. Finally, in
Fig.2 i-l, we plot the weights of the steps as a function
of power. As seen already in the VI characteristics, for
each sample the first step is strongly suppressed at low
frequency and at low power and only emerges close to
the drive power required to suppress the 0 volt step. In
addition, in the case of sample B, a weak suppression of
the third Shapiro step is visible in Fig. 2 g and k.
These experimental observation of missing Shapiro
steps are quite similar to the ones obtained on plat-
forms expected to host Majorana modes but in our case,
the system is trivial in absence of magentic field. We
note that similar InAs QW may host a topological phase
[31, 34], in presence of a sizable in-plane magnetic field.
Data presented here are all taken at zero magnetic field
and hence our JJs are topologically trivial.
A microscopic analysis of the dynamics of the JJ tak-
ing into account the presence of all the transverse modes,
and a biasing current with both a d.c. and a.c. term is
computationally prohibitive [41]. For this reason we de-
scribe the JJ via an effective shunted junction model. In
general the model has both a resisistive and a capacitive
channel. The junctions considered, given their geometry,
have a very small capacitance C ∼ 1 fF. We therefore ne-
glect the capacitive channel and model the JJ’s dynamics
using a resistively shunted junction (RSJ) model:
~
2eRn
dφ
dt
= Idc + Iac sin(2pifact)− Is(φ). (1)
where Rn is the normal-state resistance of the junction,
Idc is the d.c. bias current, Iac the amplitude of the a.c.
current due to the microwave radiation with frequency
fac, and Is(φ) is the supercurrent.
To model the supercurrent flowing across the JJ we
use two effective modes: a very low transparency mode
with a purely sinusoidal CPR and completely negligible
probability to undergo a LZT, and an effective mode with
very high transparency τ so that:
Is(φ) = Ic
s1− n
ατ
sin(φ)√
1− τ sin2(φ/2)
+
n
α0
sin(φ)

(2)
where Ic is the experimentally measured critical current,
s = ±1 encodes the switching due to an LZT, n is the
fraction of the current from the purely sinusoidal mode,
and ατ and α0 are the values of sin(φ)/
√
1− T sin2(φ/2)
and sin(φ), respectively, for the angle φ for which the
current is maximum.
For the mode with finite transparency τ the probability
of an LZT is given by [42],
PLZT (t) = exp
(
−pi ∆(1− τ)
e |V (t)|
)
(3)
We can attribute the inability of the purely sinusoidal
mode to undergo LZTs either to a very small value of
the transparency or to the combined effects of disorder
and possible phase fluctuations of the order parameter
along the transverse direction. Such fluctuations cannot
be excluded considering that the width of the junctions is
much larger than the superconducting coherence length.
We neglect interference effects due to phase fluctuations
and coherence between LZT’s. We also do not consider
relaxation from higher to lower energy states. By solv-
ing Eq. 1 accounting for the dynamics due to the LZTs
of the effective high-transparency mode, we obtain the
time evolution of φ, and then of the d.c. voltage by time
averaging V (t) = (~/2e)φ˙.
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FIG. 2: Voltage-current characteristic in the presence of a microwave radiation (a-d), histogram of the Josephson junction
voltage as a function of the microwave power (e-h) and width of the Shapiro steps as a function of the microwave power (i-h)
for samples A and B at two different frequencies for each sample. In both the histogram and the plot of the width of each steps,
counts are expressed in unit of the critical current of the junction in the absence of the microwave drive. In both samples,
while at high frequencies all Shapiro steps are visible, at low frequency and low power the first step appears to be strongly
suppressed. The microwave power is normalized to the power required to observe the vanishing of the critical current.
Figure 3 a and b show the dynamic of the phase and
the instantaneous voltage in the second Shapiro step us-
ing the parameters of sample A. Even though there is a
factor of 2 between the drive frequency employed in each
case, the value of the instantaneous voltage V(t) at pi is
the same in both cases, as it is dependent on the IcRn
product. This conclusion can be recovered by consider-
ing Eq. 1 and the fact that inside a step the dynamic
of the JJ is phase-locked to the a.c. drive. This im-
plies that the value of the phase maximizing the right
hand side of Eq. 1 will always occur at the same fraction
of the period, leading to a value of Iac sin(2pifact) inde-
pendent of the driving frequency. This result is impor-
tant since the lower frequency at which missing steps are
observed has been used to estimate the required trans-
parency for LZT to explain missing steps [7]. In the pres-
ence of LZT, Shapiro steps are well quantized only if the
probability of the transition is very close to 0 or 1 as
shown in [7] and SI. In both samples, the induced super-
conducting gap is close to the bulk gap of the Al layer
∆ = 220µeV = 53GHz, given the high interface trans-
parency, and the lowest frequency at which we observe
Shapiro steps is 4 GHz. Using the value of the volt-
age corresponding to the lowest frequency for which the
first odd Shapiro step is missing we would get the trans-
parency of the mode undergoing LZTs should be equal
or larger than 0.9985. However, using the value of the
voltage corresponding to the frequeny independent peak
of φ˙ shown in Fig. 3, we obtain that a transparency of
0.98 is sufficient.
Another consequence of the independence of value of
the peak of φ˙ on the drive frequency is that the con-
tribution of LZTs to the 4pi component in the CPR is
also frequency independent. In the presence of both 2pi
and 4pi periodic component in the CPR, odd steps are
expected to be suppressed when the ac drive frequency
is lower than f4pi = 2 eRn I4pi/h [25, 26]. For both our
samples, f4pi can be estimated to be about 10 GHz, yield-
ing I4pi ∼ 70 nA for sample A and 260 nA for sample B,
which in both samples corresponds to about 6% of the
critical current on the hot branch. Using the Al gap
value for the induced gap, we can compute, in the short
junction limit [28], the amount of current carried by a
single mode Imode =
e δ
2 ~ ∼ 25 nA. This means that the
total 4pi periodic contribution to the CPR can be as-
signed to 3(10) modes for the sample A(B). The typi-
cal densities reported for each sample yield between 320
and 550 transverse modes in each JJ. This means that
only a small minority of the modes (0.5-1% in sample A
and 2-3% in sample B) need to have near unity trans-
parency and participate LZT processes to explain our
observations. Given the small number of modes carrying
54pi periodic current and the average transparency of the
junction, one might expect modes at intermediate trans-
parencies but we do not observe their contributions to
LZT in experiment. It remains a theoretical question to
why these modes do not participate in LZT processes.
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FIG. 3: RSJ simulation accounting for LZTs. a, b: Phase
and instantaneous voltage across the JJ. The parameters of
sample B are used with τ = 0.98 and n = 0.97. The driving
current are Idc = 0.7 Ic at 6 GHz and 0.8 Ic at 12 GHz, and
Iac = 0.4 Ic at both frequencies, which corresponds to the
second Shapiro step. c, e Idc-V curves showing Shapiro steps
at 7 and 11 GHz for the parameters of sample A, with τ = 0.98
and n = 0.95. d, f Idc-V curves showing Shapiro steps at 6
and 12 GHz for the parameters of sample B, with τ = 0.98
and n = 0.97.
Figure 3 c-f presents simulation results for both sample
A and B for the same frequencies presented in Fig. 2. We
qualitatively reproduce the experimental results using a
slightly smaller I4pi than estimated from the frequency
dependence. Additional simulation results are presented
in SI.
A JJ with a high transparency is expected to have a
forward skewed CPR as can be seen from Eq. 2. The
CPR can be directly measured by embedding the JJ in
a superconducting interference device (SQUID), whose
second JJ has a much larger critical current. Such
measurements have been carried out on graphene-based
JJ [43], TI based JJ [44, 45], InAs nanowire [46] and in
our samples [33]. The anharmonicity associated with
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FIG. 4: Voltage-current characteristic in the presence of a
microwave radiation of sample A and differential resistance
map obtained by numerical differentiation as a function of the
current bias and applied microwave power. At high frequency,
weak half Shapiro steps appear in the VI characteristic which
are visible in the differential resistance map as a splitting of
finite resistance region separating two integer steps.
forward skewness of the CPR has been predicted to lead
to the appearance of subharmonics Shapiro steps at
high frequency drives[47]. Such subharmonic steps have
been observed in several systems [7, 48–50], in which
they were associated with a skewed CPR. In Fig. 4, we
present the VI characteristic and differential resistance
as a function of a.c. power and bias current of sample
A at 9 GHz and 13 GHz. While at 9 GHz, only integer
steps are visible, at 13 GHz a weak half-step is visible in
the VI. The existence of the sub harmonic step is also
visible in the differential resistance map as a splitting of
the peak in resistance between the integer steps. This
signature provides an additional experimental signature
of the high transparency of our junctions.
In this work we show experimentally that in JJs that
are undoubtedly in a topologically trivial phase, for mi-
crowave powers and frequencies reported, there are miss-
ing odd Shapiro steps consistent with the 4pi periodic
current-phase relation of a topological JJ. We attribute
our measurement to the very high transparency of a frac-
tion of the modes in our JJ combined with large value of
IcRn. Our results clearly show that caution should be
used to attribute missing Shapiro steps to the presence
of Majorana modes. They provide essential guidance to
future experiments to use JJs to unambiguously estab-
lish the presence of topological superconductivity, and,
more in general, significantly enhance our understanding
of high quality JJs.
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8Supplementary information
FABRICATION AND MEASUREMNTS
METHODS
For both samples, the mesa is 4µm wide. The fabrica-
tion process is performed by electron beam lithography
using PMMA resist. Transene type D is used for wet
etching the Al and a III-V wet etch (H2O : C6H8O7 :
H3PO4 : H2O2) to define deep semiconductor mesas.
Devices are measured in a 4-point geometry using a
current bias configuration. Differential resistance is mea-
sured using a lock-in amplifier SRS860. Microwave exci-
tation is provided through a nearby antenna. All mea-
surements are performed in a dilution fridge with mixing
chamber temperature of 30 mK.
SHAPIRO STEPS AT LOWER FREQUENCY
Figure S1 presents data on both sample A and B at
the lowest frequency achievable in our setup. This limit
is mostly due to the weak coupling of the microwave an-
tenna to the sample at low frequency.
On both samples, one can observe the same missing
first step described in the main text. In addition, on sam-
ple B the third step appears partially suppressed which
is consistent with data presented at 6 GHz in the main
text.
SEMICLASSICAL TREATMENT OF A
CURRENT-DRIVEN JOSEPHSON JUNCTION
The dynamics of a current-driven JJ can be treated
within a semiclassical description where the current is
carried in three parallel channels: a resistive channel de-
scribing dissipative current, a capacitive channel describ-
ing charge accumulation on the superconducting leads
across the weak link, and a supercurrent channel describ-
ing current mediated by Cooper pairs. Our JJ has a
small geometric capacitance (C ∼ 1 fF) corresponding to
the overdamped regime; thus, we neglect the capacitive
channel. Driving our JJ with an ac current, we can use
Kirchoff’s junction law to write
Idrive(t) = IR(φ˙) + Is(φ) (1)
where φ is the phase difference between the two supercon-
ducting electrodes, Idrive(t) = Idc + Iac sin(2pifact) is the
external driving current, IR(φ˙) =
~
2eR φ˙ is the current in
the resistive channel, and Is(φ) is the supercurrent con-
tribution. Then the master equation governing our JJ
dynamics is
~
2eIcR
φ˙ = Iˆdc + Iˆac sin(2pifact)− Iˆs(φ), (2)
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FIG. S1: VI characteristic at lower frequency. a, Sam-
ple A at 4 GHz, b, c, Sample B at 4 and 5 GHz.
where the hats denote currents normalized by the critical
supercurrent Ic. Numerical results for an ideal current
bias have been discussed before for a topologically-trivial
JJ [51].
Bimodal Distribution Model
In JJ’s, the supercurrent is mediated by Andreev
bound states (ABS) with energy given by
EABS = ±∆
√
1− τ sin2(φ/2) (3)
where ∆ is the SC gap and τ is the transparency of the
ABS. The spectrum according to Eq. 3 exhibits a gap
92∆
√
1− τ at φ = pi, which is an avoided crossing due to
the broken translational symmetry at the interface be-
tween the weak link and the superconducting electrodes.
The supercurrent carried by a single ABS at zero tem-
perature is given by a skewed sinusoidal CPR,
IABS =
e∆
2~
τ sin(φ)√
1− τ sin2(φ/2)
. (4)
In what follows, we will assume the subgap modes in
the JJ (which dominate the contribution to the super-
current) have a distribution of transparencies according
to a bimodal distribution. Bimodal distributions have
been discussed before in the context of diffusive junc-
tions [52, 53]. We consider two effective modes: a low-
transparency mode with a sinusoidal CPR and a high-
transparency mode with a skewed CPR determined by
an effective transparency τ . Then we write our super-
current as
Is = Ic
 n
α0
sin(φ) +
1− n
ατ
sin(φ)√
1− τ sin2(φ/2)
 , (5)
where n is the fraction of critical current contributed by
the effective low-transparency mode and Ic is the critical
current. We have included normalizations α0 and ατ that
are determined by,
α0 =
1
sin(φ˜max)
, ατ =
√
1− τ sin2(φ˜max)
sin(φ˜max)
(6)
where φ˜max is such that
max
n sin(φ) + (1− n) sin(φ)√
1− τ sin2(φ/2)

= n sin(φ˜max) + (1− n) sin(φ˜max)√
1− τ sin2(φ˜max/2)
Landau-Zener Processes
In a two-level quantum system, Landau-Zener pro-
cesses describe diabatic energy level transitions. Gener-
ally, the Landau-Zener transition (LZT) probability will
depend on the difference in energy between the two states
and the rate at which the dynamical variable changes: a
small energy gap and rapid evolution of the dynamical
variable are favorable conditions for an LZT to occur.
We can treat the ground state and excited state of a
single ABS with transparency τ as a two-level quantum
system and solve for the LZT probability at the avoided
crossing [42]:
PLZT (t) = exp
(
−pi ∆(1− τ)
e |V (t)|
)
. (7)
Here we neglect interference effects due to phase fluctu-
ations and coherence between LZT’s.
A successful LZT will change the sign of the super-
current contribution due to the ABS mode undergoing
the transition. For high transparency modes, LZT prob-
ability can be significant because of the small gap at the
avoided crossing. We model the collective behavior of the
high-transparency modes by considering a single effective
LZT in our calculations occurring at avoided crossings.
Thus, we take our supercurrent to be given by,
Is = Ic
 n
α0
sin(φ) + s
1− n
ατ
sin(φ)√
1− τ sin2(φ/2)
 , (8)
where s = ± controls the sign flip due to an LZT. Fol-
lowing Ref. [54], we solve Eq. 2 dynamically to account
for LZT’s at the avoided crossing of the effective high-
transparency mode.
Fig. S2 and S3 shows the main results from the main
text along with histograms of Josephson junction voltage
as function of ac power. We observe odd steps gradu-
ally suppressed at low driving frequencies and low power
which qualitatively agrees with experimental results.
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FIG. S2: (a,b) VI characteristics for various ac current bi-
ases with sample A parameters. (c,d) Histogram of Josephson
junction voltage as a function of power at a fixed ac driving
frequency.
V(t) in BMD Model
The time evolution of φ and induced voltage (pro-
portional to φ˙) across the junction for I0 ≈ 0.7Ic and
I1 = 0.4Ic are shown in Fig. S4. Notice that the in-
duced voltage has a negligible dependence on ac driving
frequency during the cross-over from all steps visible to
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FIG. S3: (a,b) VI characteristics for various ac current bi-
ases with sample B parameters. (c,d) Histogram of Josephson
junction voltage as a function of power at a fixed ac driving
frequency.
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FIG. S4: Phase and instantaneous voltage across the JJ as
function of time. Simulations for sample A using τ = 0.98
and n = 0.95 at power I1 = 0.4Ic for (a) frequency 7 GHz
and I0 = 0.7Ic, and (c) frequency 11 GHz and I0 = 0.8Ic.
Simulations for sample B using τ = 0.98 and n = 0.97 at
power I1 = 0.4Ic for (a) frequency 6 GHz and I0 = 0.7Ic, and
(c) frequency 11 GHz and I0 = 0.8Ic.
suppressed odd steps. This seems to be a robust feature
for both parameters sets at powers and dc current biases
below Ic.
To illustrate this, we can start with a simplified picture
where we only consider a purely sinusoidal CPR in the
absence of LZ transitions (i.e. n = 1). Phase and instan-
taneous voltage across the JJ for fJ = 3.1∆ (correspond-
ing to IcRn for sample A) and fJ = 0.94∆ for driving
frequencies fac = 0.2fJ and 0.05fJ are shown in Fig. S5.
We notice that the peaks of the resonances in V corre-
spond closely to hfJ/e and are very weakly dependent
on driving frequency. Numerically, we observe that these
dependencies survive when we include a skewed CPR and
LZ transitions.
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FIG. S5: Phase and instantaneous voltage across the JJ
as function of time. We only consider the sinusoidal part of
Eq. 8 (n = 1) for various Josephson frequencies and driving
frequencies.
Landau-Zener Transitions in BMD Model
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FIG. S6: Probability of an LZ transition as a function of
transparency τ for fixed β = pi∆
e|V | . The value of β was chosen
based on typical values for |V | at φ = pi where a transition is
allowed in the simulations.
Ignoring the fluctuations in the value of |φ˙| as φ sweeps
through odd integer multiples of pi, we can consider
PLZT = exp (−β(1− τ)) (9)
11
where 2pi7 < β < pi is a constant. We have chosen this
range of β based on possible values of V giving rise to
an LZ transition in our simulations. Results for various
values of β are shown in Fig. S6.
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FIG. S7: (a,b) VI characteristics for sample A using a
lower transparency τ = 0.9 and n = 0.95. Simulations at
lower transparency show deteriorated quantized steps due to
a reduced probability of LZ transitions. (c,d) Time-averaged
probability of LZ transitions as the phase passes an avoided
crossing. Clearly, the probability of an LZ transition must be
very near unity to observe sharp quantized steps.
For transparency < 0.98, the LZT probability takes
on values < 0.97 leading to departures from quantized
values of induced voltage–integer multiples of hfac2e [54].
Fig. S7 shows VI curves for τ = 0.9 and n = 0.95 using
sample A values for Ic and Rn. Results are similar for
sample B. Clearly Shapiro steps are not well defined, and
even-integer steps generally show small steps about the
quantized values hfac2e . The experimental samples have
very robust, quantized steps implying only high trans-
parency modes effectively participate in Landau-Zener
processes.
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